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Several studies (1,2) exist in the literature which

compare abundances of elements in the cosmic-ray sources

(CRS) with solar system (SS) abundances. Their results,

however, are in general inconclusive, because the uncer-

tainties in the elemental abundances in both the CRS and

the SS preclude the deduction of any systematic trend in

the ratios of these two sets of abundances (CRS/SS). But,

by limiting the comparison to elements for which the uncer-

tainties are small (C, O, Mg, Si, Fe), we find that the

values of CRS/SS are about 1 for Mg, Si, and Fe, and are

significantly less than 1 for C and 0. This result

could be explained if all CRS abundances were the same as

those obtained from explosive nucleosynthesis (3,4,5), and

if the solar system were enriched in C and 0. Such a model

is consistent with the fact that in the SS abundances Mg,

Si, and Fe are believed to be produced by explosive nucleo-

synthesis, while C and 0 are mainly products of other pro-

cesses (6). We now proceed to examine the details and

implications of this suggestion.

The abundance of cosmic rays at their sources can be

calculated from their observed abundance at the top of the

atmosphere using models for cosmic-ray propagation from

the sources to earth and nuclear fragmentation reactions

during propagation. The results of these calculations are

relatively insensitive to the exact propagation model used

(7); however, in order to obtain precise cosmic-ray source

abundances, it is essential to have more reliable fragmenta-

tion cross sections (8).

The first two columns in Table 1 show the observed

abundance of cosmic rays near earth normalized to iron at

about 1 GeV/nucleon. Recently, measurements at higher

energies have become available and they indicate some depar-

tures from these ratios. Most of the variations, however,
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could result from energy dependent cosmic-ray propagation,

with the possible exception of iron which we shall discuss

below.

As can be seen from Table 1i, the two sets of measured

abundances are consistent, except for Cr, 0, and C. As

we shall see below, the discrepancies in the C/Fe and O/Fe

ratios do not affect our conclusions. The discrepancy in

the Cr abundance is sufficiently large to preclude the use

of this nucleus in testing our proposed model.

The third column in Table 1 represents the contribution

of secondary nuclei to the observed cosmic-ray abundances.

We define secondary nuclei as particles which are produced

by spallation reactions of cosmic rays with matter between

the sources and earth. The secondary contributions in

Table 1 were calculated in ref. 7 for an exponential dis-

tribution of path length using the observed abundances of

ref. 9 and nuclear cross sections which are essentially

the same as given in ref. 8. By comparing the first and

third columns of Table 1 (strictly speaking we cannot directly

compare the second and third columns), we can divide the

elements of Table 1 into 3 groups. These are shown in Table

2.

The first group is definitely present in the cosmic-

ray sources, and the errors involved in the source abundances

can be considered as small. This is the group upon which we

essentially base our model. The last group in Table 2 con-

sists of elements which, in the cosmic rays, are almost

entirely of secondary origin; no test of our model can be

made for nuclei in this group. Elements in the second

group in Table 2 are probably also present in the cosmic

ray sources, but the source abundances are uncertain because

of the large secondary contributions. The test for our model,

howeve should finally come from nuclei in this group.
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Table 3 shows the ratios CRS/SS for the elements in

group 1 of Table 2 and Ne. These ratios were obtained by

solar system abundances from reference 6 (also shown in

Table 1)

Let us now discuss these ratios. The abundances of

Fe, Si, and Mg in the solar system are taken from meteorites,

but they are consistent with photospheric abundances as well

(6). In fact, these elements are part of a set of elements

used by Cameron to normalize the meteoritic and photospheric

abundances. We consider, therefore, that the error in the

solar system abundances of Fe, Si, and Mg is small. In

the cosmic rays, the error in the measured abundances of Fe,

Si, and Mg is about 20% or less. Since for these nuclei

the secondary contributions are less than about 20%, even

if there is a factor of 2 uncertainty in the fragmentation

cross-sections, this will only contribute a 10% error. We

thus estimate that the total error in the cosmic-ray source

abundances for Fe, Si, and Mg is about 25%.

When this error is taken into account, the ratios CRS/SS for

these nuclei are consistent with 1. Since Mg, Si, and Fe

are believed to be the products of explosive nucleosynthe-

sis (3, 4, 5), we suggest as a possible rule that the ratio

CRS/SS will always be close to 1 for elements which in the

solar system are produced by explosive nucleosynthesis.

The abundance of 0 and C in the solar system are taken

from photospheric measurements (6). Inspection of these

abundances as obtained by various techniques and phospheric

models (11) reveals differences of not more than 50% of

the values in Table 1. In the cosmic rays, there could be

an uncertainty of 25% in the abundances of 0 and C relative

to iron and an additional 10% uncertainty from secondary
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contributions. Thus, the total uncertainty in the CRS/SS

ratios for 0 and C is certainly less than a factor of 2,

and hence these ratios are definitely less than 1. We

interpret this result as an indication that either in the

solar system or in the cosmic rays, carbon and oxygen have

a different origin than Mg, Si, and Fe. Because it is

believed that in the solar system a major part of the car-

bon and oxygen are not produced by explosive nucleosynthe-

sis (6), the departure of the CRS/SS ratios for C and 0 from 1

are probably the result of the enrichment of the solar

system abundances of these elements from other processes

of nucleosynthesis (such as hydrostatic helium burning (12)).

Furthermore, we suggest that all cosmic-ray source

abundances from C to Fe should be the same as those obtained in
explosive nucleosynthesis. The first test of this sugges-

tion is the C/O ratio. In the cosmic-ray sources this

ratio is about 1 (see Table 1), a value close to that obtained

in explosive nucleosynthesis for a fairly wide range of ini-

tial conditions (3). In the solar system, the C/O ratio is

about 0.5 (Table 1), and it is produced by the various con-

tribution of different nucleosynthesis processes to the

abundances of these elements. It should be noted that in

the solar cosmic rays, the C/O ratio is also close to 0.5
over a range of energies (13). Therefore, the different C/O

ratio in galactic cosmic rays probably cannot be attributed to

an acceleration mechanism.

Let us now examine our suggestions for the second

group of nuclei in Table 2. For scme of these nuclei the

nominal values of CRS/SS is consistent with our rules.
Thus, for Ca, Al, and Na, CRS/SS is sufficiently close to

1, as expected since these nuclei in the solar system are

believed to be produced by explosive nucleosynthesis. Since

N in the solar system is not produced mainly by explosive
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nucleosynthesis, CRS/SS is significantly less than 1 for

this element.

The CRS/SS ratio for Mn is uncertain, mainly due to

uncertainties in the Mn abundance in the cosmic-ray sources.

These uncertainties come both from difficulties in separat-

ing Mn from Fe in the cosmic rays, and from uncertainties

in the fragmentation cross section of Fe into Mn.

For S, the uncertainty in the CRS/SS ratio comes from

both the cosmic rays and the solar system. The contribution

of secondaries to the observed sulfur abundance is about

50%; an uncertainty of a factor of 2 in fragmentation cross

sections could introduce a 50% increase in the CRS abundance.

In addition, there is a large uncertainty in the solar sys-

tem abundances of sulfur. The S abundance in meteorites of

different types varies from 0.14 to 0.6 (6). Cameron pre-

ferred the value of 0.6 because he could produce it, theo-

retically, by quasi-statistical equilibrium. Because of

the difficulties involved in such a theoretical determina-

tion, we still regard the abundance of sulfur as uncertain

in the above range. It should be noted that solar cosmic-

ray observations (14) could be consistent with a lower sul-

fur abundance.

For Cr, the uncertainty inthe CRS/SS ratio comes mainly

from the cosmic-ray observations. For Ar, the solar system

value (6) is based entirely on theoretical quasi-equilibrium

calculation. According to our model, the reconciliation of

the CRS/SS ratio of Ar with 1 will require a lowering of

the solar system value or of the decrease of the contribu-

tions of secondaries to the observed cosmic-ray argon abun-

dance.

Consider now the ratio CRS/SS for neon. From Table 1i,

this ratio is significantly less than 1 indicating that Ne

in the solar system is not produced by explosive nucleosyn-
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thesis. An examination of the uncertainties in both the

cosmic rays and the solar system abundances indicates that

it is difficult to raise CRS/SS for neon by more than 50%.

It should be noted, however, that the solar system abundance

of Ne comes only from solar cosmic-ray observations (13).

As to the solar system origin of neon, Arnett (3) suggests

that Ne 2 0 (which constitutes -90% of all neon) is produced

by explosive carbon burning and this would present a con-

flict in our model. But Vidal et al. (15) have shown that

Ne20 could be produced by nonexplosive helium burning. We

suggest that the origin of Ne 2 0 in the solar system should

be further investigated. It should also be noted that no

Ne 2 2 was found in the cosmic-ray observations of Webber et

al. (16). This would be consistent with the fact that Ne 2 2

is not produced by explosive nucleosynthesis (3).

Let us examine some of the consequences of our model.

We first consider the C/Mg ratio in the cosmic-ray sources,

because in explosive nucleosynthesis both C and Mg are pro-

duced from carbon burning only (3). According to Arnett

(3), by varying the temperature from 1.0 x 109 oK to 2 x

109 0K, C/Mg varies from about 30 to less than 2 (at the

same time C/O varied by only a factor of 2). This should

be compared with the C/Mg ratio in the cosmic-ray sources

which is between 4 and 5. We suggest, therefore, that the

C/Mg ratio can be a very important and sensitive tool for

the determination of the initial conditions of the explo-

sive nucleosynthesis.

Another interesting feature of our model are the abun-

dances of the odd nuclei, Al and Na. According to Arnett

and Clayton (5), these abundances depend of a quantity 1 =

(Nn - N p)/(Nn + Np), where N and N are the total number

of bound and free neutrons and protons in the region of

nucleosynthesis. This quantity is thought to increase over
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the lifetime of the galaxy; at later times there are more

neutron-rich isotopes present in:galactic material than at

earlier times. The abundances of Na and Al increase with

increasing 1. The fact that the abundance of these odd

nuclei appear to be the same in the cosmic rays as in the

solar system (Table 1), may indicate that M did not change

appreciably since the formation of the solar system (the

age of the cosmic rays is neglible in comparison with the

age of the sun).

From cosmic-ray observations (17) at energies greater

than a few GeV/nucleon it has been found that the Fe/(C+O)

ratio increases with increasing energy. Ramaty et al. (18)

have suggested that this increase may be due to an additional

source of Fe at high energies. Even though there may be

other explanations for this effect, the possibility of a

second source of almost pure iron (such as the surface of

a neutron star) might explain why the Si/Fe and Mg/Fe ratios

are somewhat less than 1.

We should finally mention that other comparisons, simi-

lar to ours,were recently made. Casse and Goret (19) sug-

gest that there is a correlation between CRS/SS and the first

ionization potential of the elements. We feel that because

of the uncertainties that we have discussed, this model is

rather inconclusive at the present time. Cowsik and Wilson

(20), on the other hand, have arrived at essentially the

same conclusions regarding the ratios CRS/SS as we did,

except that they do not associate their results to explosive

nucleosynthesis.

In summary, we have presented a model in which the

cosmic-ray abundances from C to Fe are consistent with

explosive nucleosynthesis. One of the main virtues of this

model is that it explains the carbon-to-oxygen ratio in the

cosmic rays. The principal test of the model will come from
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a better determination of the abundances of elements in

group 2 of Table 2, both in the cosmic rays and the solar

system.
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TABLE 1

Cosmic Ray Abundances at Earth Cosmic Ray Source S olar System
Abundances Abundances

Element Observed_ Secondary
Contribution

Ref. 9 Ref. 1 Ref. 7 Ref. 7 Ref. 1 Ref. 6

Fe 1 + .12 1 0 1 1 1

Mn .08 + .03 0.08 .033 .045 0.025 0.01

Cr .31 + .09 0.1 .10 .20 <0.03 0.015

V .09 + .03 0.05 .096 -.006 <0.01 3 x 10 - 4

Ti .18 + .05 0.13 .18 -.007 0.035 3 x 10-3

Sc .027 + .02 0.04 .064 -.033 0.015 4 x 10- 5

Ca .18 + .05 0.25 .18 -.003 0.13 0.087

K .053 + .027 0.11 .14 -.070 0.019 5 x 10-3

Ar .18 + .05 0.12 .14 .032 0.015 0.14

Cl .044 + .026 0.05 .068 -.019 <0.01 6.9 x 10-3

S .31 + .09 0.33 .15 .13 0.175 0.6 - 0.14

P .053 + .12 0.04 .05 .0022 <0.01 0.01
.044

Si 1.33 + .1 1.29 .1b .89 0.89 1.2

Al .18 + .09. 0.25 .11 .051 0.11 0.1

Mg 1.86 + .18 1.96 .30 1.11 1.2 1.28

Na .27 + .14 0.28 .21 .040 0.067 0.072

Ne 1.8 + .2 1.7 .49 .85 0.868 4.14

F .18 + .1 0.13 .27 -.059 <0.025 3 x 10-3

0 7.6 + .35 9.5 .61 4.27 5.47 25.9

N 2.4 + .18 2.6 1.34 .62 0.565 4.5

C 8.8 10.8 1.15 4.23 5.15 14.2
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TABLE 2

Group Approximate Percentage of Secondary
Origin

1) Fe, Si, Mg, O, C <20%

2) Mn, Cr, Ca, Ar, S, Al, Na, Ne, N >20% and <100%

3) V, Ti, Sc, K, Cl, P, F, B, Be, Li ~100%

TABLE 3

Element C / 0 / Ne / Mg / Si / Fe

CRS/SS 0.33 / 0.19 / 0.21 / 0.9 / 0.74 / 1
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